We report a technique for blood flow detection using split spectrum Doppler optical coherence tomography (ssDOCT) that shows improved sensitivity over existing Doppler OCT methods. In ssDOCT, the Doppler signal is averaged over multiple sub-bands of the interferogram, increasing the SNR of the Doppler signal. We explore the parameterization of this technique in terms of number of sub-band windows, width and overlap of the windows, and their effect on the Doppler signal to noise in a flow phantom. Compared to conventional DOCT, ssDOCT processing has increased flow sensitivity. We demonstrate the effectiveness of ssDOCT in-vivo for intravascular flow detection within a porcine carotid artery and for microvascular vessel detection in human pulmonary imaging, using rotary catheter probes. To our knowledge, this is the first report of visualizing in-vivo Doppler flow patterns adjacent to stent struts in the carotid artery. 
Introduction
Optical coherence tomography (OCT) imaging using optical fiber-based rotary catheter probes provides 2D and 3D visualization of microstructures in tissue and has shown initial success in the cardiovascular [1, 2] , gastroesophageal [3] , and pulmonary systems [4] . These clinical studies suggest that rotary catheters provide useful in-vivo diagnostic information based on the structural morphology in the tissue. Doppler OCT, an extension of OCT, has been used with rotary catheter probes to visualize and quantify flow [4] [5] [6] . The ability to measure flow and microvascular architectures may provide insight into the detection and progression of various diseases.
In a normal human carotid artery, the peak systolic velocities can be ≈ 100 cm/s, but this velocity can increase up to ≈ 230 cm/s as the degree of stenosis becomes more severe [7] . As a result, the detection of vascular remodeling may lead to appropriate treatment planning and prevent future adverse events. In addition, imaging analysis of flow velocity distribution within the vessel lumen can potentially provide important diagnostic information about vascular pathology, such as atherosclerotic plaque induced stenosis, as well as therapeutic monitoring before and after stenting procedures. Endovascular DOCT, however, requires carefully controlled saline flushing [5] , which demands Doppler signal detection from relatively low signal to noise regions as affected by the saline.
Vascular remodeling is also a key processe of vascular development in pulmonary diseases [8] . Large malignant pulmonary masses (1 to 8 cm) have been observed to have a peak systolic velocity of 0.17 +/-0.07 m/s using color Doppler ultrasound [9] . Smaller blood vessels in the airways are difficult to visualize using conventional imaging modalities. Recent DOCT has shown ≈ 2 mm/s flow velocities within a blood vessel along the human airways [4] . Further DOCT imaging studies of patients with lung malignancy may demonstrate DOCT as an effective tool to quantify the effects of treatment therapies.
High phase stability of the OCT laser source and its wavelength sweeping synchronization (swept source OCT) with the data acquisition, is required for Doppler imaging. This can be achieved through well-designed laser sources or phase stabilization schemes. Current phase stabilizing schemes consist of measuring the phase of a stationary reflective element and compensating for the unstable phase numerically [10, 11] . Phase stabilization has also been demonstrated without additional hardware or optical components [12] . In terms of spectrometer-based OCT, the phase stability is high relative to swept source OCT [13] . However spectral domain OCT suffers from fringe washout, limiting the ability to detect fast moving structures.
In rotary catheter probes, Doppler signals are degraded by mechanical vibrations induced by the rotation of the optical components, as well as the movement of the catheter sheath and variations in rotational speed, resulting in non-uniform rotational distortion (NURD) [14] . Currently, the techniques used to suppress these artefacts consist of careful selection of both the Kasai autocorrelation window and relatively phase stable reference regions in order to remove bulk motion [15] . This intra-frame technique is less sensitive to bulk motion from the probe and tissue [4] .
Improvement of noisy Doppler signal can also be achieved by averaging over multiple frames of the same location. This inter-frame method is not commonly utilized for a number of reasons. First, Doppler signal can still be influenced by noise even after conventional spatial averaging due to the stationary scatterers that coexist with the moving scatterers of the coherent sampling volume in the catheter. This would limit the accuracy and sensitivity in the flow velocity estimation, particularly with slow flow velocities seen in capillaries and small blood vessels [16] . Second, in-vivo imaging of multiple scans at the exact same location is not practical as each rotational scan can be influenced by breathing [17] , blood pulsation [18] , NURD [14] , or other environmental motion.
In ultrasound, the transducer bandwidth plays a role in the standard deviation of velocity estimation. Jensen [19] derived that the narrowing of the frequency spectrum results in a longer-range gate and higher velocity resolution. Furthermore, longer-range gate deposits high amounts of power leading to higher SNR [20] . This derivation is based on two radio frequency (RF) sampled square wave envelopes, which does not apply to OCT. However, the basis of the variance of Doppler shift can be applied to OCT and is shown by the following [19]:
where T pr f is the time of the pulse repetition frequency, |R(T pr f )| is determined by the autocorrelation function of the envelope of the pulse, R(0) is the power of the received signal, and R gg (T pr f ) denotes the value found from correlating two measured RF lines. The time displacement between two RF lines is
where c is the speed of sound and v z the axial velocity of the sample. In OCT, the axial displacement between two adjacent A-lines is
where f a is the axial scan rate of the OCT. When the velocity increases, the Doppler shift estimation error increases [15] as Δz becomes increasingly larger in comparison to the coherence gate (l c ) of a time-domain OCT system. In the past decade, the OCT research field has advanced from time-domain to frequency domain OCT, including swept source OCT. Yun et al. [21] (Eq. (18)) modelled the depth profile of a swept source OCT in terms of depth, Z, to be:
where γ is the photon-to-electron conversion efficiency, P o = P r (t)P s (t), P r (t) is the optical power returned from the reference arm, P s (t) the optical power turned from the sample arm (sample at 100% reflection), r(x, y, z) denote the complex-valued backscattering coefficient, 
then Eq. (5) is simplified to,
where
and [21] 
Therefore Eq. (7) becomes
When measuring the Doppler shift between two adjacent A-line scans, the autocorrelation of the depth profiles is calculated. From the Wiener-Khinchin theorem, the autocorrelation is the following:
where F(Z) is the Fourier transform of f (k) and F(Z) is the complex conjugate If the initial A-line scan is F T o (Z) and the adjacent A-line scan is F T 1 then,
and
The autocorrelation between the two adjacent lines is
= |ϒ| 2 exp(−4ln2 2ZΔz
where Δz is difference in the depth of a moving scatterer and is related to its velocity. This equation determines OCT equivalent to R gg (τ) in Eq 1. R gg (T pr f ) denotes the value evaluated from correlating the RF lines. In OCT the value from the correlating the two depth measurements is R gg (Δz ) and Δz = z T 1 − z T 0 = v z T . As a result, Eq. (15) becomes
The power of the received signal, R(0) is
Inserting Eq. (16) 
The standard deviation of the Doppler shift estimate is then
This is applicable to both time domain and swept source OCT systems. In our initial companion paper [15] , velocity variance measurements were obtained at various set flow velocities. These measurements were fitted to an inverted Gaussian curve, but no theoretical basis were developed. Eq. (21) demonstrates a relationship between velocity and standard deviation of the Doppler shift. The result of this equation can be seen in Figure 1 , where the coherence length of the system was accounted for (l c = 12μm). The predicted standard deviation demonstrates good agreement with measured data points. If the coherence length was lengthened by using only a fraction of the available bandwidth (FBW), then the standard deviation of the Doppler shift will decrease as per Eq. (21). This is illustrated in two scenarios of FBW at 50% and 25% in Figure 1 , with decreasing phase noise.
Therefore to further suppress the Doppler artefacts on a single acquired frame, we propose a signal processing technique known as split spectrum processing (SSP). SSP was first introduced in radar to resolve concealed targets in randomly distributed reflection, known as clutter [22] . Subsequent application of this method was applied to ultrasound as a frequency agility technique for flaw detection in materials without the typical loss of spatial resolution associated with axial averaging. This was achieved by decomposing the received wideband ultrasound signal into a narrowband ensemble, producing a higher signal to noise ratio (SNR) than conventional temporal averaging [23] . Initial applications of SSP in OCT have been utilized on the resultant amplitude image to reduce speckle [24] and increase amplitude-decorrelation SNR for blood vessel detection [25] . Various types of noise sources can influence the SNR of an OCT signal. One particular source of noise is incoherent random noise, often associated with electronic instruments. These types of noise can often be removed by conventional temporal averaging. However, coherent noise sources produced by mutual interference of all elementary waves scattered within the sample are invariable with time [26] . As a result, more complex techniques are required to reduce noise. In this paper, we incorporate SSP in the evaluation of the phase from the OCT image to determine blood flow velocities. This split spectrum Doppler OCT (ssDOCT) technique differs from the conventional spatial averaging as the frequency domain of the interferogram is split into multiple narrow window bands. Various lengths of window bands, the number of bands and the window overlap were investigated. We demonstrate that this novel ssDOCT technique can provide a more sensitive velocity estimation and expands upon the conventional method outlined in our companion papers [15, 18, 27].
Materials and Methods

Doppler Optical Coherence Tomography rotary catheter systems
Two different DOCT rotary catheter systems were utilized in this study. A brief description follows; more detailed descriptions of the DOCT rotary catheter system have been previously presented [4, 5] . In the phantom and in-vivo porcine carotid artery studies, a commercial clinical OCT system, the C7-XR (LightLab Imaging, St. Jude Medical Inc., USA), was connected to a personal computer equipped with a high speed data acquisition card (ATS9350, AlazarTech, Canada) and graphics processing unit (GeForce GTX 460, 1GB, NVIDA,USA). The k-clock, A-scan trigger, and raw OCT fringe signals from the C7-XR system were coupled to the data acquisition card and processed using custom graphical accelerated software [28] . The swept source laser in the C7-XR had a bandwidth of 110nm centered at 1310nm and an A-line rate of 50.4 kHz. The imaging catheter used in this study was the C7 Dragonfly (LightLab Imaging, St. Jude Medical Inc., USA), which has a spot size of 25 μm and a working distance from the edge of the catheter of approximately 1.5 mm, with 18.5 mW of power on the sample. OCT images were acquired at 2520 A-lines per frame at 1200 rpm. Using these imaging parameters, the Doppler signal had been shown to be satisfactory [5] after a significant amount of averaging was applied. For human airway imaging, a fiber-based Mach-Zehnder OCT interferometer and a 50.4kHz swept source laser (SSOCT-1310, Axsun Technologies Inc., USA) system were used with a measured best system phase stability of Δφ = 0.01 rad by a common path benchmark. A custom-built rotary-pullback drive using a fiber optical rotary junction (MJP-SAPB, Princetel Inc., USA) coupled the swept source laser (output power ≈15mW) and the Dragonfly catheter. Polarization diverse interference signals were detected using a pair of detectors (PDB420C, Thorlabs Inc., USA) and a high speed digitizer (ATS9350, AlazarTech, Canada) [4] . Fig. 2 . Data acquisition and processing scheme. The OCT rotary catheter was inserted into a vessel and images were acquired during blood flow. Multiple narrow window bands with different center frequencies were multiplied with the interferogram. These windowed spectra were stored into the corresponding windowed band frame and the mean phase shift was calculated by evaluating the phase difference between axial scans within the frame (Eq. (23)). Figure 2 depicts the ssDOCT algorithm, where window functions W b (k, k o ) splits the interferogram S(k) into multiple bands. These apodization bands have a continuous profile (no clipping at the border of the available range), are overlapped and span the entire spectrum of the interferogram. This reduces any artefacts and/or loss of information in the OCT image. The center wavenumber of these bands is denoted as k o and are equally spaced across the entire interferogram. Each band is zero-padded to the length of the original record length and the inverse fast Fourier transformed (F −1 ) was evaluated, resulting in a complex OCT signal (S) for each band (b) with respect to the optical path difference (z) between the sample and reference arms. 
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where f D is the Doppler frequency shift, f a is the A-line rate. The Kasai autocorrelation equation is performed on a window size of M in the axial direction, and by N in the transverse direction.
In order to understand the effects of ssDOCT, several parameters such as the number of window bands, the bandwidth of each band, and the amount of overlap between the window bands were investigated. In this study, we quantified the effects of the aforementioned ssDOCT parameters using a Hamming apodization window chosen for its low side lobe amplitude.
For structural imaging, the amplitude of the OCT signal from each band was compounded. Spatial averaging in the lateral direction was performed to improve the SNR. Any given pixel in the structural image was resolved by the following equation:
Background noise and slow flow phantom analysis
A gelatin phantom with titanium dioxide as the scatterer was constructed and imaged without any flowing fluid as a baseline measurement for bulk motion induced by the rotating catheter. A series of 20 frames were acquired at one site. In each frame, the same high SNR and low SNR region positions were selected. The intraframe standard deviation of the phase shift (Δφ ) was considered the Doppler phase noise floor. Large ensemble lengths were then observed by holding the rotary probe stationary (M-mode). Once the Doppler phase noise floor was established, optimal ssDOCT parameters were selected and used on slow flow phantom and invivo imaging. The slow flow velocity measurements were acquired by the DOCT rotary catheter using a calibrated infusion pump coupled to a plastic tube (inner diameter of approximately 3 mm). A diluted mixture of porcine blood (1.5% blood in saline) was pumped at a peak velocity of 2.5mm/s, calculated based on ANSYS simulation (V13.0, ANSYS Inc., USA) using typical catheter position geometry.
In-vivo imaging protocol and data analysis
In this work, in-vivo OCT imaging studies were conducted 1) in a porcine carotid artery, and 2) in human airways using the C7 dragonfly catheters. Animal and human protocols were approved by the Animal Care Committee at St. Michael's Hospital (Toronto, Canada) and the Research Ethics Board of the University of British Columbia & the British Columbia Cancer Agency (Vancouver, Canada), respectively. All human subjects gave written and informed consent. Analysis was implemented using MATLAB R2012b (Mathworks, USA) and computed on an Intel Core 2 Duo 2.5GHz laptop. 
Results and Discussion
Background noise in Split Spectrum Doppler Optical Coherence Tomography
The key parameters that controlled the overall performance of ssDOCT were the bandwidth of each window band Figure 3 .
In both high SNR and low SNR regions, there was a local minimum in the background phase noise as a result of ssDOCT. This local minimum in noise versus FBW was expected because the overlap between the band windows became greater and approached the single apodization window condition. The single apodization window condition consisted of a non-split interferogram leading to the utilization of the maximum resolution and spectral power. The occurrence of the local minima may have been related to the spectral power that was used to resolve the Doppler signal and its corresponding axial resolution. In the case of ssDOCT, Eq. (21) demonstrates that splitting the spectrum into narrower bands reduces the standard deviation of the velocity estimation. A side effect is the decreasing of the spectral power for flow velocity estimation. By averaging across each unique bands, higher velocity resolution could be achieved while most of the spectral power is recovered. However, to fully account for all the phase noise terms such as transverse motion, additive noise components, and Eq. (21) needs to be considered in conjunction with multiple previous works [10, 21, [29] [30] [31] .
Further increase in background noise could have also been attributed to sparsely spaced bands, which led to very little overlap or no overlap producing uncorrelated signals. This resulted in a picket fence effect where the loss of information occurred between the filters bands. Thus, careful design of the FBW must be taken into account, particularly in low SNR regions as the local minima is more pronounced (Figure 3(b) ). When optimal values of FBW and B are selected, the ssDOCT demonstrated a larger decrease in background noise for low SNR regions compared to high SNR regions and equivalent axial averaging.
When observing a moving scatterer crossing a beam, an adequate number of A-lines was required to sufficiently evaluate the pulse duration of the resulting moving scatterer. In the rotary catheter regime, large ensemble lengths (N) were difficult to achieve as there was a finite amount of beam overlap between each A-line scan. Beyond this beam overlap, each additional A-line scan became decorrelated, which led to poor velocity estimates. In Figure 3 (c) and Figure 3(d) , the catheter beam was held at a static position to observe a single point of the phantom and isolated the effect of ensemble length under different conditions. Various ensemble lengths were evaluated and compared between the traditional DOCT and ssDOCT.
After the application of ssDOCT, both B=2 and B=4 phase noise plateaued at N=32 and had a similar performance as M=4 (traditional DOCT), approaching the limit of system performance as compared to the common path interferometer benchmark (Δφ 0.01 rad). It was demonstrated that ssDOCT can provide comparable velocity resolution than DOCT when averaging over 2 bands relative to averaging over 4 pixels in the axial direction (M). By averaging over 2 bands rather than 4 pixels, the resolution is less degraded. Furthermore, shorter ensemble lengths were required, allowing for higher lateral resolution and lower beam overlap.
Slow flow imaging in Split Spectrum Doppler Optical Coherence Tomography
Velocity estimation from both ssDOCT (right column) and DOCT (left column) techniques were examined in Figure 4 . The structural images of the phantom were evaluated using Eq. Figure 4 (f), the low SNR regions (1.7mm to 2mm from the catheter) had less phase noise in ssDOCT than in DOCT.
To quantify the phase variation, the DOCT and ssDOCT velocity profiles for the vessel were generated using an averaging filter with a 32 x 32 kernel. This averaged profile was subtracted This lowered Doppler background noise from the ssDOCT technique can further be seen in Figure 5 . An ANSYS simulation fitted phase shift model (Figure 5(a) ) was constructed based on the dimensions of the flow phantom. Taking a single axial scan (white dashed line) from the center of the catheter, it can be seen that the standard deviation are nearly half the value on the whole 3mm axial scan in ssDOCT compared to DOCT (Figure 5(b) ). The entire AN-SYS simulation fitted phase shift model were then plotted against the measured phase shift for both DOCT (Figure 5(c) ) and ssDOCT ( Figure 5(d) ). The comparison of the previous DOCT assessment of the measured velocity versus phase shift in Part I of our companion papers [15] (a nearly ideal case) and the rotary catheter showed that the effects of the rotary catheter were more severe and inherently noisy. By utilizing ssDOCT, it was seen that the standard deviation ( Figure 5(b) ) is nearly half throughout various velocities compared to DOCT (Figure 5(a) ). Furthermore there is a significant reduction in the outlier data points. At lower velocity estimates (< −0.1 rad) the clustering of ssDOCT becomes tighter relative to DOCT suggesting that ssDOCT has the ability to detect lower velocities.
In-vivo high flow imaging in Split Spectrum Doppler Optical Coherence Tomography
The performance of ssDOCT in a high flow situation was evaluated in the porcine carotid artery ( Figure 6 ) using the previously described imaging procedure [2, 5] . Due to the high flow velocities in the carotid artery, aliasing between −π to π occurred, and produced contours in the form of rings. A comparative assessment of these aliasing rings suggested that the fine contours (arrow) were distinguished better in ssDOCT than DOCT techniques. The fine aliasing ring contours in DOCT appeared to be lost in the phase image, suggesting that axial resolution was not sufficient. The differentiation between the rings is critical for estimating the velocity. Any degradation between the rings would also degrade the velocity estimate. As a result, the utilization of B=2 with FBW of 60% demonstrates high velocity resolution while consisting of similar phase noise as traditional DOCT at M=4 (Figure 3) . In both cases, the peak velocity was measured to be 18.7 rad (after unwrapping). Considering the minimum measurable phase shift is 0.2 rad, the dynamic range of velocity measurement demonstrated in this experiment is over 49 dB. The blood flow profile in stents plays an important role in its design and application. When the stent strut is placed onto the lumen wall, a flow dynamic phenomenon known as backward facing step flow or forward facing step flow occurs [33] . Under these flow conditions; a small region between the lumen and strut creates a separation zone where fluid does not mix with the fluid in the mainstream [34] . This could result in the accumulation of thrombi and create other complications including injury to the smooth muscle cells, endothelial denudation, and disrupt the elastic laminae [34] . As a result, understanding the stent flow profiles could lead to improved stent designs and minimize complications. The effects of blood flow profiles in stents have been demonstrated through mathematical flow dynamic models and have been measured in flow chambers using Doppler ultrasound, laser Doppler anemometry, and particle imaging velocimetry [34] . Based on clinical practice in carotid angioplasty and stenting, the un-apositioned stent strut may account for a significant area of total stent coverage, especially at the carotid bifurcation. To our knowledge, this paper is the first to directly visualize in-vivo flow patterns around stent struts using OCT with its inherent high spatial resolution and preserved by ssDOCT processing. Figures 7(a) & 7(b) shows the structural image of a deployed stent in the carotid artery using traditional OCT and split spectrum OCT, respectively. The corresponding bulk motion compensated Doppler image using traditional DOCT with M=4 and N=20 (Figure 7(c) ) and ssDOCT with B=2, N=20, and FBW=60% (Figure 7(d) ) are shown. The same phase thresholded value was utilized in DOCT (Figure 7(e) ) and ssDOCT (Figure 7(f) ). Overall, it was observed that the ssDOCT technique suppressed a significant amount of background phase noise with respect to DOCT. In both techniques, a flow profile adjacent to one of the stent strut (lower *) was observed and believed to be an eddy current from that strut. Closer observation of the flow profile revealed aliasing contours that were defined in ssDOCT compared to DOCT and suggested a higher velocity resolution. This was also perceived in a second detected eddy current (upper *) which may be caused from a stent strut upstream from the location of the OCT catheter. In terms of the other two stent struts (arrows), ssDOCT resolved the weak Doppler signal exhibited from them and separated it from the background noise. The utility of ssDOCT for low velocity imaging was also demonstrated in the human lung. Conventional DOCT vasculature imaging in human airways using rotary probes requires phase thresholding and large Kasai autocorrelation windows [4] to decrease the Doppler artefacts. Figure 8 shows the same structural OCT image from a human airway with DOCT (B=1, M=8, N=32) overlay (Figure 8(a) ) and ssDOCT (B=4, M=2, N=32, FBW=60%) overlay (Figure 8(b) ) using the same Doppler phase threshold as DOCT. The Doppler signal indicated by the green circle shows a blood vessel confirmed by observing the same feature in adjacent frames of a pullback. The Doppler signal within the red circle was only visible in the DOCT overlay and is a Doppler artefact. To remove this artefact from the DOCT overlay, the Doppler phase threshold would need to be raised to eliminate more low flow velocities. The raised Doppler phase threshold can have drawbacks as it could eliminate true low flow velocities providing a false-negative. Thus, ssDOCT provided more specific detection of low vascular velocity.
In-vivo slow flow imaging in Split Spectrum
Conclusion
We have demonstrated a new method of Doppler OCT imaging, which consisted of splitting the OCT spectral interferograms into multiple bands. A theoretical model was developed which demonstrated a decrease in standard deviation of phase shift as the spectral bandwidth decreased. The number of bands (B) and fractional bandwidth of each of the band (relating to the width of the band and the overlap) were investigated. ssDOCT was demonstrated to have greater sensitivity in velocity estimation and may be useful for measuring smaller blood vessels or weak Doppler signals from stent struts in OCT rotary catheter imaging. The ssDOCT can outperform DOCT without sacrificing resolution from large axial averaging windows. This work also showed the first in-vivo stent flow profile, where the Doppler images benefited from the utilization of ssDOCT. Adaptive ssDOCT could be deployed based on the SNR of the OCT image in the future. This would reduce the computational time in a real-time implementation and could enhance the current Doppler algorithm.
